Background: Netrin-1 can either attract or repel neuronal growth cones. Results: The ezrin/radixin/moesin proteins mediate interaction between protein kinase A (PKA) and deleted in colorectal cancer (DCC, a netrin receptor), which controls growth cone tropism. Conclusion: Localized PKA signaling governs axon guidance behavior toward netrin. Significance: This interaction provides insight into the signals governing axon pathfinding, neural development, and potentially other DCC-related functions.
Successful development of central and peripheral nervous systems requires axons to extend from their parent neurons and navigate through a complex extracellular environment to establish contact with their correct synaptic targets. The vanguard structure in this navigation is the growth cone, a specialized motile structure responsible for sampling, interpreting, and responding to extracellular cues in order to maintain its proper course (1) (2) (3) . Over its course, the growth cone is beset on all sides by a complex mixture of soluble and insoluble factors that provide attractive and repulsive cues that guide the axon to and from appropriate environs (2-5). The major mechanism through which guidance cues exert their effects is through modulation of actin cytoskeletal dynamics (6 -8) . Specifically, attractant cues promote assembly and/or stabilization of F-actin within the portion of the growth cone closest to the source of attractant, whereas repulsive cues disassemble/ destabilize proximal F-actin structures. Although the importance of actin cytoskeletal regulation during growth cone guidance is firmly established, the signal transduction pathways utilized by guidance cues to effect cytoskeletal regulation are still under intense investigation.
The netrin family of axon guidance cues have an evolutionarily conserved role in neural development (9, 10) and can variably regulate both chemoattraction and chemorepulsion of axons, axonal and dendritic branching, and whole-cell neuronal migration (9 -11) . Importantly, netrin functions extend well beyond neural development and axon guidance and have been directly implicated as regulators of vascular development, epithelial cell migration, and the pathogenesis of a growing variety of tumors (12) (13) (14) (15) . Two families of receptors are primarily responsible for mediating netrin signaling: the DCC 2 (deleted in colorectal cancer) and UNC-5 proteins (9, 10, 12) . The DCC family is required for both chemoattraction and chemorepulsion, whereas UNC-5 proteins act only in repulsion (9) . The cAMP-dependent protein kinase, PKA, has been shown to be both a regulator of and an effector for netrin/DCC signaling (2, 9, 10) . However, the precise nature of the relationship between PKA and netrin/DCC signaling remains controversial. The ability of netrin to increase cAMP and activate PKA has been both inferred (16 -18) and directly shown (19 -21) . However, other reports suggest that netrin neither increases cAMP nor activates PKA downstream of DCC (22, 23) . The effect of PKA on actual axon behavior in response to netrin is similarly well established but controversial. For example, inhibition of PKA activity or modulation of the cAMP/cGMP ratio can convert the tropism of Xenopus spinal neurons and retinal axons from attraction to netrin into repulsion (16 -18, 24 ). In contrast, in rat spinal commissural neurons, PKA does not appear to alter tropism but, rather, alters sensitivity to netrin gradients (22) , possibly by increasing the amount of DCC at the cell surface (25) . Finally, in rat dorsal root ganglion neurons, there appears to be a developmental switch wherein cAMP activates PKA to effect repulsion from netrin in adult neurons, whereas in embryonic neurons cAMP couples to a different effectorEpac (exchange protein activated by cAMP) to mediate attraction to netrin (21) . Clearly, more work is needed to clarify the functional connections between PKA and netrin/ DCC signaling.
Specificity in PKA signaling is achieved in large part through interaction with protein kinase A anchoring proteins (AKAPs), which localize PKA to various subcellular regions or structures and thereby couple a given stimulus to phosphorylation of a specific subset of local, relevant targets (26) . We and others have shown that AKAP-mediated anchoring and localization of PKA to the leading edge of cells plays an important role in chemotaxis (27) (28) (29) (30) (31) . In addition to localization, many AKAPs direct the assembly of multienzyme complexes that serve as preassembled circuits capable of integrating multiple, diverse input signals to control the phosphorylation of a given target(s) with exquisite specificity (26) . Of note, many of the established effectors involved in netrin/DCC signaling are known to be regulated directly or indirectly by PKA (9, 10, 32, 33) . The summed evidence connecting PKA functionally to netrin/DCC signaling along with the importance of anchoring in specifying PKA function prompted us to investigate whether this connection might involve AKAP-mediated anchoring of PKA to DCC.
EXPERIMENTAL PROCEDURES
Antibodies and Reagents-Rat monoclonal antibodies specific for ezrin, radixin, and moesin ((M11, R21, and M22; (34)) were obtained as hybridoma supernates from S. Tsukita (Osaka University) and used either undiluted or at a 1:5 dilution (determined empirically based on sample and application). Antibodies against DCC (AF5), the RI␤, RII␤, RI, and RII subunits of PKA, AKAP79, Mena, and GFP were from BD Biosciences. Antibodies against ezrin, GST, and tubulin were from Sigma. Anti-ERM, -pThr567-Ezrin (which also recognizes the analogous modification on radixin and moesin), -VASP, -Ser(P)-157-VASP, and -phospho-PKA substrate were from Cell Signaling. Goat polyclonal anti-ERM as well as anti-PKA RII␣ and polyclonal anti-DCC were from Santa Cruz Biotechnology. Anti-␤1 integrin was a gift from Dr. M. Payet (University of Sherbrooke). Non-immune rabbit and mouse IgGs were from Jackson ImmunoResearch. Function-blocking anti-netrin1 antibodies were from R & D Systems or gifted from N. Lamarche-Vane and T. Kennedy (McGill University, Quebec CA). Horseradish peroxidase-conjugated secondary antibodies were from Calbiochem, whereas Alexa-fluor conjugated secondary antibodies and phalloidin were from Molecular Probes.
StHt31 was from Promega. The PKA inhibitor mixture (35) contained 200 M Rp-cAMPs (Biolog), 1 M mPKI (BIOSOURCE), 1 M H89 (Calbiochem), and 1 M KT5720 (Calbiochem). Purified, recombinant netrin-1 was from R&D Systems. Forskolin and most other ancillary chemicals were from Sigma. Culture media were from BD Biosciences and Invitrogen.
Cell Culture-The cell lines NG108-15 (rat neuroblastoma x mouse glioma hybrid), IMR-32 (human neuroblastoma), and HEK293 (human embryonic kidney epithelia) were from ATCC and routinely cultured as described by the supplier. Neuronal differentiation and neuritogenesis was induced by plating cells onto polylysine-coated surfaces in medium containing 2.5% fetal bovine serum (for NG108-15 cells) or serumfree medium containing 5 ng/ml netrin-1,5 ng/ml NGF, or 2 M all-trans retinoic acid (for IMR-32 cells) and incubating for 16 -24 h at 37°C. Of note, we found that neuritogenesis in IMR-32 cells was far more efficient when cultured in reduced serum medium and plated on polylysine than when cultured in full serum or in reduced serum but on untreated surfaces. 3 It should also be noted that although significant differentiation and neurite outgrowth in IMR-32 cells was observed within 24 h, the survival of these cells was severely compromised by prolonged culture in serum-free medium. Culture in reduced (2.5%) serum media supported longer survival but slower neuritogenesis. 3 Primary hippocampal neurons were prepared from E18 rat tissue (Brain Bits, LLC) as follows. Hippocampi were allowed to settle to the bottom of their tube for ϳ1 h at room temperature before replacing the supernatant medium with 250 of l 0.25% trypsin per hippocampus and incubation for 15 min at 37°C. Digestion was stopped with an equal volume of DMEM plus 10% FBS and gentle inversion to mix. After centrifugation at 80 ϫ g, the supernatant was carefully aspirated and replaced with fresh DMEM, 10% FBS (0.5 ml per hippocampus), and the tissue was dissociated by triturating 20 -30ϫ through a barely fire-polished Pasteur pipette. After confirming cell viability by trypan blue exclusion, cells were seeded in DMEM, 10% FBS onto prepared coverslips or imaging dishes and incubated in a humidified 37°C incubator with 5% CO 2 for 2-4 h. Medium was replaced with Neurobasal medium containing 1ϫ B27 supplements and incubated until reaching the desired morphological stage, typically late stage 2 to early stage 3 (12-24 h after plating).
Coverslips for immunofluorescence were cleaned by incubation in warm (ϳ75°C) nitric acid overnight followed by extensive water washes, sonication for 30 min in absolute ethanol, and air drying in a sterile tissue culture dish. Cleaned coverslips and culture dishes for differentiated cultures were coated with polylysine (Sigma; either D or L; 30,000 -70,000 M r ; 1 mg/ml in PBS) overnight at room temperature and washed with water before neuronal plating. In some cases polylysine-coated coverslips were subsequently coated with 5 g/ml laminin (BD Transduction Laboratories) for an additional 24 h before washing and cell seeding.
Quantification of Filopodia, Neurites, and Neurite LengthThe formation of filopodia in NG108-15 cells and the number and length of IMR-32 cell neurites were quantified from thresholded images by manual tracing using the NeuronJ plugin (36) for ImageJ (rsbweb.nih.gov).
Plasmids, RNAi Reagents, and Transfection-The plasmid expressing full-length rat DCC under control of the CMV promoter (pRK5-DCC) and its empty vector control (pRK5) were obtained from N. Lamarche-Vane (McGill University). Plasmids expressing shRNAs against human ezrin, radixin, and moesin (all in the pBS/U6 background) were obtained from Addgene. Vectors containing cDNAs for murine ezrin, moesin, and radixin (wild-type as well as the L421P and T564D mutants of radixin) were kind gifts from D. Barber (University of California San Francisco), S. Tsukita, G. Fenteany (University of Connecticut), and D. Altschuler (University of Pittsburgh). Of note, the sequences of all three murine ezrin/radixin/moesin (ERM) isoforms are naturally resistant to the human-specific shRNA plasmids described above and thus were cloned into pcDNA-based vectors and used in rescue experiments without further sequence modifications. Cells were transfected using FuGENE 6 (Roche Applied Science; 0.5-0.7 g of DNA/ 35-mm dish and a lipid:DNA ratio of 4:1) and used 72-96 h after transfection of shRNA. The average extent of silencing was calculated using densitometric analysis of immunoblots, as the difference between the average intensity of the target in the two off-target control samples (e.g. ezrin in the sh-radixin and -moesin samples) and the intensity of the target in the target sample (e.g. ezrin in the sh-ezrin sample) divided by the average control intensity. For rescue experiments, 24 h after transfection with shRNA plasmids, cells were again transfected with a plasmid encoding mCherry along with empty pcDNA or vectors encoding murine ERM proteins. Efficiencies were typically Ͼ90% for initial shRNA plasmid transfection and ϳ10 -20% for secondary, rescue plasmid transfections. For re-plating, transfected cells were removed from their culture dish by gentle dissociation in PBS ϩ 1 mM EDTA, diluted in their appropriate plating medium, collected by centrifugation, resuspended in plating medium, and seeded onto new polylysine-coated culture vessels for the indicated times. In our hands there were no discernable differences in the "kinetics" of neuritogenesis (assessed as the average time for cells to reach a given morphological stage) of freshly plated versus re-plated cells.
Western Blotting, Immunoprecipitations, and cAMP-agarose Pulldown Assays-Whole cell extracts for Western blotting were prepared by lysing cells in either 1ϫ Laemmli sample buffer (4% SDS, 60 mM Tris, pH 6.8, 0.002% bromphenol blue) or ice-cold RIPA buffer (0.1% SDS, 0.5% Na deoxycholate, 1% Igepal CA-630, 50 mM Tris pH 7.8, 150 mM NaCl) containing protease and phosphatase inhibitors (5 g/ml leupeptin, 10 mM 4-(2-aminoethyl)benzenesulfonyl fluoride, 5 g/ml pepstatin, 10 g/ml aprotinin, 1 mM sodium orthovanadate, and 50 mM NaF). Whole cell lysates were further processed by ice-bath sonication (Branson 2510) for 15 min followed by centrifugation at 16,873 ϫ g for 15 min at 4°C. Supernatants were collected, made to 1ϫ Laemmli sample buffer (from a 2ϫ or 5ϫ stock) if needed, boiled for 5 min, and either stored at Ϫ20°C or used immediately for SDS-PAGE. Samples were run on 10% SDS-PAGE gels for routine analysis and on gels containing 7.5% acrylamide, 0.25% methylene bisacrylamide for resolution of individual ERM family members.
Fractionation of cells into cytosolic, Triton-soluble, and Triton-insoluble fractions was done using a modification of a previously described method (38) . Briefly, cells were detached with warm 1 mM EDTA in PBS, collected by centrifugation (500 ϫ g for 5 min at room temperature), resuspended in ice-cold CSK buffer (10 mM PIPES, pH 6.8, 50 mM NaCl, 300 mM sucrose, 2 mM MgCl 2 , 1 mM MnCl 2 , and protease inhibitors; 1 ml CSK buffer/5 ϫ 10 6 cells), and lysed by 20 strokes in a Dounce homogenizer on ice. Nuclei and intact cells were pelleted by centrifugation at 75 ϫ g for 5 min at 4°C. Cleared lysates were centrifuged at 30,000 ϫ g for 30 min at 4°C; the supernatant was designated the "cytosolic" fraction. The pellet was washed once with CSK buffer, resuspended in Triton lysis buffer (CSK buffer containing 1% Triton X-100, protease, and phosphatase inhibitors plus 0.25 M calyculin A; 0.5 ml/5 ϫ 10 6 cells), and incubated on ice for 15 min before centrifugation as described above. The supernatant was collected and designated the Triton-soluble fraction. The remaining pellet was resuspended by vigorous vortexing in RIPA buffer (supplemented with 0.25 M calyculin A; 0.1 ml/5 ϫ 10 6 cells), the lysate was clarified by centrifugation (which most often produced no visible pellet), and the supernatant was designated the Triton-insoluble fraction. Consistent with previous reports (39, 40) , a significant portion of our target proteins (ezrin, PKA RII, and DCC) was found in the Triton X-100-insoluble fraction (data not shown). Therefore, this fraction was routinely used as the input for all co-immunoprecipitations and for cAMP-agarose pulldown assays. To ease in preparation of this fraction, the protocol described above was modified as follows. Cells were lysed directly in Triton lysis buffer, lysates were cleared of nuclei by low speed centrifugation, post-nuclear supernates were spun at 30,000 ϫ g for 30 min at 4°C, and the remaining pellets were dissolved in RIPA buffer and used for subsequent procedures. Protein concentration in all lysates (except for those lysed directly in Laemmli sample buffer) was determined using the bicinchonic acid assay (Pierce).
Immunoprecipitations were performed by preincubating target antibodies (1-5 g/5 ϫ 10 6 cells) with 25 l of protein A/G-agarose beads (Santa Cruz Biotechnology) in RIPA buffer for 2 h at 4°C. The beads were washed twice with RIPA buffer, added to lysates, and rocked end-over-end for 30 -60 min. The pre-formation of high avidity, antibody-bound beads, and short incubation times were critical for successful isolation of the target protein-protein complexes. A similar approach was used ERM Proteins Couple PKA to DCC FEBRUARY 27, 2015 • VOLUME 290 • NUMBER 9
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for pulldown assays with cAMP-agarose (Sigma), in which 2-3 mg of soluble protein was incubated with 100 l of the resin for 30 min. In some experiments, cAMP (25 M final concentration) was added the lysates before the addition of the cAMPagarose to act as a competitive inhibitor and control for nonspecific binding. For immunoprecipitations and pulldown assays, bead-bound proteins were eluted by boiling in Laemmli sample buffer, then stored at Ϫ20°C or analyzed immediately by SDS-PAGE and immunoblotting.
PKA Assays-For assay of PKA activity in cell lysates, a previously-described method (41, 42) was used. Briefly, cell monolayers were rapidly washed twice with ice-cold PBS, covered in PKA assay buffer (25 mM ␤-glycerophosphate, pH 7.4, 1.25 mM EGTA, 10 mM MgCl 2 , 0.5 mM DTT), then snap-frozen on a pool of liquid nitrogen. Lysates were thawed on ice, scraped into tubes, sonicated, and clarified by centrifugation at 10,000 ϫ g for 10 min at 4°C. Supernatants were assayed for PKA activity by measuring transfer of radioactive phosphate from ATP into Kemptide (Sigma) in the presence or absence of purified PKI (Sigma). For assay of PKA activity in immunoprecipitates, the washed immunocomplexes were washed an additional time with 1ϫ PKA assay buffer, then incubated with shaking for 30 min at 30°C in PKA assay buffer containing 0.2 mg/ml of a purified, recombinant PKA substrate protein (GFP-R 4 S (43)) with or without 25 M cAMP. Reactions were stopped by the addition of EDTA to a final concentration of 5 mM and centrifuged briefly, and supernatants were made 1ϫ in Laemmli sample buffer before separation by SDS-PAGE and analysis by immunoblotting with phospho-PKA substrate antibody.
In Vitro RII-DCC Binding Assays-The C-terminal domain (amino acids 1122-1445) of rat DCC was subcloned from pRK5-DCC into pGEX6P3 using standard cloning techniques. pGEX2T-Rdx L421P/T564D was made by replacing the BglIIHindIII fragment of pGEX2T-Rdx T564D (G. Fenteany) with the same same fragment from pcDNA3-Rdx L421P (D. Altschuler). GST and GST fusion proteins were expressed in DH5␣ Escherichia coli after induction with 0.4 mM isopropyl 1-thio-␤-Dgalactopyranoside for 12 h at 25°C. Bacterial lysates were prepared using B-PER II (Pierce), and target proteins were collected by incubation of cleared lysates with glutathione-agarose beads (Sigma). Beads were washed extensively with lysis buffer and 1ϫ PBS containing 0.25% Triton X-100 then either used as an affinity matrix for pulldown assays (GST and GST-DCC-cyto) or incubated overnight at room temperature with purified thrombin (GE Healthcare) to cleave the protein of interest (i.e. radixin (Rdx)) from the bead-bound GST. Thrombin was subsequently removed by incubation with p-aminobenzamidine-agarose (Sigma), and the remaining soluble Rdx proteins were used in pulldown assays. Recombinant PKA RII␣ subunit, expressed from pET28b-RII␣ (a gift from J. Scott (Vollum Institute)) and purified by cAMP-agarose chromatography, was mixed with Rdx WT , Rdx T564D , or Rdx L421P/T564D and GST-or GST-DCC-CT-bound beads at a 5:1 protein weight ratio in PBS, 0.25% Triton X-100 for 30 min at room temperature with end-over-end mixing. A sample of each binding reaction was removed, mixed with an equal volume of 2ϫ Laemmli sample buffer, and used as "input," whereas the remainder of the reactions was washed extensively with PBS, 0.25% Triton X-100 before boiling in 1ϫ Laemmli sample buffer. Input and bead-bound proteins were analyzed by SDS-PAGE and immunoblotting.
Netrin Microgradient Assays-IMR-32 cells were plated sparsely (1-2 ϫ 10 3 cells per cm 2 ) on polylysine-coated imaging dishes (⌬T4; Bioptechs) and differentiated in situ by incubation for 12-18 h in media containing 5 M all-trans retinoic acid. Microscopic netrin-1 gradients were established using minor modifications to the method developed by Poo and co-workers (17, 44) . Briefly, a stable gradient was created and maintained using a FemtoJet microinjection pump (Eppendorf) to apply constant pressure (150 -200 hectopascals; ϳ2-3 p.s.i.) to a glass micropipette, tipped with a polished 1-m opening, and filled with netrin-1 (5 g/ml in PBS). Using a Leica mechanical micromanipulator, the micropipette was positioned 100 m from the center of a prospective growth cone at an angle of ϳ45°relative to the axon shaft. Separate experiments using Texas Red-conjugated dextran as a gradient tracer confirmed that this configuration resulted in delivery of an effective concentration of ϳ5 ng/ml netrin-1 to the growth cone. Phase contrast images were captured at 0 and 30 min after exposure to the gradient, and changes in growth cone morphology were assessed using a custom Fiji/ImageJ macro to generate and quantify protrusion-retraction analysis maps (code available upon request).
RESULTS

Expression of DCC Promotes PKA-dependent Filopodia Formation and AKAP-dependent Activation of PKA in NG108-15
Cells-To begin to determine whether netrin/DCC signaling could promote activation of PKA, we employed NG108-15 cells, a neuroblastoma x glioma hybrid neuronal cell line that expresses significant amounts of netrin-1 but no detectable DCC and has previously been used for functional DCC re-expression studies (45) . Expression of DCC in these cells had significant morphological consequences, as transfected cells exhibited a striking increase in the number of filopodia at early times after re-plating onto polylysine (Fig. 1 ). This morphological effect was dependent on PKA activity, as the induction of filopodia in DCC-expressing cells was significantly inhibited by treatment with a PKA inhibitor mixture (PKAic). These data are consistent with earlier reports of DCC-dependent filopodia formation and activation of Rac and Cdc42 in NG108-15 cells (45) and DCC-and PKA-dependent induction of filopodia in netrin-stimulated NG108-15 cells and hippocampal neurons (35) .
The PKA dependence of DCC-induced filopodia formation suggested that PKA was indeed activated by the expression of DCC. To test this we first examined PKA activity in controland DCC-expressing cells by immunoblotting cell extracts with a phospho-PKA substrate antibody, raised against peptides comprising the phosphorylated form of the PKA consensus site. Expression of DCC increased PKA activity, as assessed by increased signal intensity and complexity in phospho-PKA substrate antibody reactivity in extracts from DCC-expressing cells (Fig. 1C) . Inclusion of a DCC function-blocking antibody (AF5) blocked PKA activation, underscoring the receptor specificity of the effect. DCC-dependent activation of PKA was also evi-denced by direct measurement of PKA activity using a specific in vitro kinase assay (Fig. 1D) . To determine if this DCC-mediated activation of PKA could affect specific substrates that might contribute to the morphological responses observed, we examined the phosphorylation state of Mena/VASP (mammalian enabled/vasodilator-stimulated phosphoprotein) proteins. Mena/VASP family members are important cytoskeletal regulatory proteins that have been implicated in netrin/DCC-dependent filopodia formation (35) and are bona fide PKA substrates (32, 35, 46) . PKA preferentially phosphorylates VASP at Ser-157 (and the analogous position in Mena), a modification that can be assessed in immunoblots by electrophoretic mobility shift and by the use of phospho-site-specific antibodies (e.g. (41)). Using both approaches, expression of DCC promoted phosphorylation of both VASP and Mena at their consensus PKA sites (Fig. 1, C and D) . This modification was indeed mediated by PKA, as DCC-induced phosphorylation was completely inhibited by treatment of DCC-expressing cells with the PKAic. Interestingly, VASP phosphorylation was also almost completely blocked by treatment with StHt31 (Fig. 1F) , a cell-permeable inhibitor of PKA-AKAP interaction, demonstrating that both PKA activity and AKAP-mediated PKA anchoring are required for DCC-driven VASP phosphorylation.
DCC Immunoprecipitates Contain PKA Activity-The requirement for AKAP function for DCC-dependent activation of PKA led us to investigate whether PKA might be physically FIGURE 1. Expression of DCC promotes filopodia formation and promotes activation of PKA and AKAP-dependent phosphorylation of Mena/VASP in NG108-15 neuroblastoma x glioma cells. A, NG108-15 cells were co-transfected with a plasmid encoding EGFP and either an empty plasmid (pRK5) or a plasmid encoding full-length rat DCC (pRK5-DCC) then replated onto polylysine-coated coverslips for 1 h in the absence or presence of a PKA inhibitor mixture (PKAic; see "Experimental Procedures"). Cells were fixed and stained with phalloidin and GFP-positive cells were visualized. B, NG108-15 cells were transfected as in A then replated in the absence or presence of the DCC-blocking AF5 antibody or PKA inhibitors (PKAic) onto polylysine-coated coverslips for 2 h. Cells were fixed and stained with phalloidin, and the number of filopodia per cell (n Ͼ 20 cells per condition) was measured. The bars represent the means and S.E from three different transfections. C, NG108-15 cells were transfected with empty pRK5 or with pRK5-DCC. Twenty-four hours later cells were replated onto polylysine/laminin-coated coverslips for 24 h in the absence (Ϫ) or presence of a function-blocking DCC antibody (anti-DCC; AF5). Whole cell extracts were analyzed by SDS-PAGE and immunoblotting using a phospho-PKA substrate antibody. D, NG108-15 cells were transfected with pRK5 (Ctrl) or pRK5-DCC and replated as above. For one sample, DCC-expressing cells plated in the absence of AF5 antibody were treated with PKA inhibitors (PKAic) for 30 min. PKA activity was assessed in an in vitro kinase assay. Data represent the means Ϯ S.D. for three separate transfections. E and F, NG108-15 cells were transfected and cultured as in A. Where indicated, cells were replated in the presence of a DCC function-blocking antibody (AF5) or were treated for 30 min with PKA inhibitors (PKAic) or 50 M concentrations of a cell-permeable peptide inhibitor of PKA anchoring (StHt31). Whole cell extracts were analyzed by immunoblotting with antibodies against total VASP or against the phosphorylated form of Ser-157 (pS157). The slower-migrating species in the total VASP blot corresponds to the Ser(P)-157 form. Note also that the Ser(P)-157 antibody cross-reacts with Mena at ϳ95 kDa (41) . associated with the receptor itself. To begin to test this hypothesis, we tested for the presence of PKA activity in DCC immunoprecipitates from lysates of embryonic rat brain. The addition of cAMP to DCC-associated proteins led to an increase in the phosphorylation of an optimized PKA substrate (Fig. 2, A  and B) . This phosphorylation was comparable to the level seen upon the addition of cAMP to immunoprecipitates of a known PKA anchoring protein, AKAP79 ( Fig. 2A) . Inclusion of the specific peptide inhibitor PKI in the reactions eliminated the cAMP-induced phosphorylation, confirming the DCC-associated kinase activity as PKA (Fig. 2B) .
DCC Co-immunoprecipitates with but Does Not Directly Bind to PKA-The requirement of AKAP function for DCCdriven phosphorylation of VASP (Fig. 1D) and the presence of PKA activity in DCC immunoprecipitates (Fig. 2) suggested that DCC couples, directly or indirectly, to PKA, a hypothesis we tested through co-immunoprecipitation experiments. When lysates made from E18 rat hippocampal tissue were immunoprecipitated with either control IgG or antibody against the PKA RII subunit, DCC was specifically detected in the RII immunoprecipitate (Fig. 3A) . To ensure the specificity of this interaction, we performed the converse co-immunoprecipitation using an anti-DCC antibody in lysates from controland DCC-expressing NG108-15 cells. PKA RII subunit was found specifically in DCC-containing immunoprecipitates and not in control IgG immunoprecipitates or in DCC immunoprecipitates from control transfected cells lacking DCC (Fig. 3B) . The PKA-DCC interaction was partially blocked by treating cells with a function-blocking DCC antibody and was essentially completely disrupted by treatment with StHt31 (Fig. 3B) . Additional co-immunoprecipitations demonstrated that DCC could associate with both type I and type II PKA R subunits (Fig.  3C) . Inspection of the primary sequence of DCC did not reveal any regions with appreciable homology to the amphipathic helical R subunit binding region present in all known AKAPs (26).
The only region in DCC that even approximated this sequence was its proposed transmembrane domain, which would be expected to be completely unavailable for binding to a cytosolic protein. Indeed, pulldown experiments using purified, recombinant PKA RII␣ subunit and the cytoplasmic domain of DCC fused to GST did not show evidence of a direct interaction between these proteins (data not shown). Together, these data demonstrate that DCC interacts with PKA in vivo and suggest that this interaction is indirect and likely involves one or more intermediate proteins that serve as AKAPs.
DCC and PKA Interact with the ERM Proteins Ezrin, Radixin, and Moesin-The ERM family of proteins coordinates the physical coupling of the cortical actin cytoskeleton with plasma membrane and also regulates the transduction of signals emanating from transmembrane receptors (47) (48) (49) ezrin, has been shown to interact with DCC in both colon cancer cells (39) and neuronal cells (61) . In the latter report ezrin was demonstrated to exist in, and be activated by, a netrinregulated complex with DCC in growth cone filopodia and was further demonstrated to be required for netrin-mediated cortical axon outgrowth (61) .
Despite these previous reports a ternary complex containing all three proteins, ezrin, DCC, and PKA, has never been demonstrated. We, therefore, confirmed that endogenous ezrin could indeed interact with endogenous DCC in netrin-stimulated (but not unstimulated) IMR-32 cells (Fig. 4A ) and exogenously expressed DCC in NG108-15 cells (Fig. 4B ) in which DCC is activated by endogenously expressed netrin-1. These data are consistent with published observations showing the necessity of activation of DCC for its interaction with ERM proteins (61) . We then investigated whether ezrin, DCC, and PKA RII could be found together in a higher order complex. Immunoprecipitation of each protein resulted in the co-immunoprecipitation of the other two (Fig. 4B) . Control immunoprecipitations using non-immune IgG confirmed the specificity of the pulldown assays (Fig. 4, A and B) . These data show that DCC, ezrin, and PKA form a complex in vivo and suggest that ezrin may indeed serve as a DCC-associated AKAP.
The fact that all three ERM proteins have important roles in growth cone dynamics, serve as AKAPs, and have high sequence homology in the region known to mediate interaction with DCC (39, 47, 61) suggests that all three ERM proteins may contribute to the coupling of PKA to DCC in neuronal cells. To investigate this possibility, we first determined the expression of all three ERM proteins across several experimental systems. Using pan-ERM as well as isoform-specific antibodies, we found that all three ERM proteins are expressed in early-stage primary hippocampal neurons (Fig. 4C, left) , as reported previously (53), as well as in the NG108-15 and IMR-32 cell lines (Fig.  4C, right) . Also, consistent with their conserved and previously established role as AKAPs, all three ERM proteins were pulled out of IMR-32 cells lysates by cAMP-agarose (Fig. 4D) ; this interaction was blocked by the addition of high concentrations of exogenous cAMP (Fig. 4D) or Ht31 (1 M; data not shown) to the pulldown, confirming that the presence of ERM proteins in the pulldown is due to interaction with cAMP-binding PKA R subunits. Finally, all three ERM proteins were also detectable in DCC immunoprecipitates from embryonic rat brain (Fig. 4E) .
Together, these data demonstrate the expression of ezrin, radixin, and moesin in our experimental systems and further show that all three proteins can bind both PKA and DCC and thus likely contribute to the coupling of those two proteins.
ERM Proteins Are Required for Physical and Functional
Coupling of PKA to DCC-To demonstrate that ERM proteins mediate the interaction between DCC and PKA, we endeavored to silence the expression of all three ERM proteins and assess the effects on DCC-PKA interaction. IMR-32 human neuroblastoma cells were used for subsequent experiments for the following reasons: they express all of the proteins of interest (Fig. 4C) , they have been used previously to great effect for analyses of DCC function (40, 62) , they can be differentiated easily and form axonal processes with well formed growth cones (63) (64) (65) , and finally, they allow ERM-silencing and rescue experiments to be performed with unaltered murine homologs, which are naturally resistant to commercially available human-specific RNAi reagents. Transfection of IMR-32 cells with shRNA plasmids targeting individual ERM proteins confirmed the specificity and efficacy of the reagents; for each plasmid, there was at least a 75% knockdown in the expression of the target ERM protein with no significant effect on the other two (Fig. 5A) . In addition, analysis by immunoblotting with a pan-ERM antibody showed that expression of all ERM proteins was nearly eliminated by co-transfection of the three plasmids (Fig. 5B) . Importantly, this triple knockdown also eliminated the co-immunoprecipitation between DCC and PKA R subunits (Fig. 5B) , confirming that ERM proteins are required for linking PKA to DCC.
We next investigated whether ERM proteins are required for PKA activity and PKA-mediated phosphorylation of cytoskeletal regulators during netrin/DCC signaling. Netrin signaling through DCC in IMR-32 cells promoted activation of PKA, although unlike NG108-15 cells, this activation required the addition of recombinant netrin-1 to the culture medium (see Fig. 5, C, D, and F, and "Experimental Procedures" ). This requirement for exogenous netrin is in line with prior observations (40) and is likely due a lower amount of endogenous netrin produced by these cells compared with NG108-15 cells overexpressing exogenous DCC (45) . Importantly, the netrin-and DCC-dependent activation of PKA was significantly reduced (ϳ50%, p Ͻ 0.002) by silencing ERM expression (Fig. 5C ), and this effect was specific for the netrin/DCC pathway, as ERM silencing had no effect on PKA activation in response to nerve growth factor or allosteric activation of adenylyl cyclase by forskolin (Fig. 5C ). Furthermore, although ERM knockdown had no effect on VASP phosphorylation in response to forskolin (Fig. 5E) , it completely inhibited phosphorylation of VASP and Mena (ascertained by phospho-specific antibody reactivity or electrophoretic mobility shift) in response to netrin-1 (Fig. 5, D  and F) . Thus, we conclude that ERM proteins are required for netrin/DCC signaling through PKA.
Silencing of ERM Protein Expression Disrupts Cell and Growth Cone Morphology and
Neuritogenesis-During the course of these ERM-silencing experiments, we observed a significant and consistent effect on the morphology of shERMtransfected cells even while growing in non-differentiating, serum-containing growth medium. Specifically, shERM-transfected cells exhibited few lamellae or lamellipodia but had numerous microspikes and retraction fibers (Fig. 6A) ; these structures were qualitatively distinct from classical filopodia (e.g. the structures observed and quantified in Fig. 1 ), as they did not emanate from lamellipodia. This was not seen to the same extent or with the same consistency in experiments where any single ERM was knocked down alone (data not shown). A similar, striking morphological effect was seen in IMR-32 cells that were induced to undergo neuronal differentiation in response to either netrin-1 or all-trans retinoic acid, both of which have been used previously to promote neurite outgrowth in these cells (40, 65) . Although neuritogenesis occurred more efficiently (i.e. neuritic processes formed faster and grew longer) in response to all-trans retinoic acid than to netrin, the general effects of ERM protein knockdown were quite similar (Fig. 6A) . Specifically, although there was no effect on the number of neurites that formed, those neurites that did form in the absence of ERMs were significantly shorter than in control cultures and were typically devoid of well developed growth cones (Fig. 6B) . These data are consistent with previous reports demonstrating dramatic effects of silencing radixin and/or moesin, but not necessarily ezrin, on axonal process formation and growth cone morphology and dynamics (51, 53) .
Ezrin, radixin, and moesin are multifunctional proteins with complex physical and regulatory interactions (47, 54) beyond their roles as AKAPs, and therefore, silencing the expression of all three proteins promotes loss of all ERM functions in aggre- , then harvested and analyzed by SDS-PAGE and immunoblotting. The average percent silencing was determined from three separate transfections and is indicated below the panels. B, Triton-insoluble protein from netrin-stimulated, untransfected IMR-32 cells (Un), cells transfected with empty vector (shCtrl) or co-transfected with shRNA plasmids targeting ezrin, radixin, and moesin (shERM) were immunoprecipitated (IP) with antibodies against DCC or with non-immune IgG as indicated. Immunoprecipitated proteins as well as whole cell extracts (wce) were analyzed by SDS-PAGE and immunoblotting with antibodies against DCC or PKA-RI. C, IMR-32 cells were transfected with three shRNA-expressing plasmids targeting ezrin, radixin, and moesin (shERM) or with empty plasmid, then replated onto polylysine-coated dishes and cultured in serum-free media containing 2 M retinoic acid for 12 h. Differentiated cells were then stimulated for 20 min with 1 g/ml netrin-1 with or without the prior addition of a function-blocking netrin antibody (antiNtn) to the cells. Control-and shERM-transfected cells were also treated with 20 ng/ml NGF or 20 M forskolin (Fsk) as indicated. PKA activity was measured using an in vitro kinase assay as described under "Experimental Procedures." Data are presented as relative kinase activity, with the activity in untreated, control-transfected cells (Control) assigned a value of 1 and represent the means Ϯ S.D. from three independent transfections. D-F, control-and shERM-transfected IMR-32 cells were cultured and stimulated as in C, and whole cell extracts were analyzed by SDS-PAGE and immunoblotting with a pan-ERM antibody (ERM) or antibodies against total or phospho-Ser-157 VASP (VASP; pS157-VASP), tubulin, or Mena as indicated.
gate, not just ERM-mediated PKA anchoring. Therefore, to dissect out the discrete role of ERM-mediated PKA anchoring in events downstream of netrin/DCC signaling, we attempted rescue experiments in which AKAP-deficient mutants of all three ERM proteins were reintroduced into ERM-silenced cells. These experiments, which require a six-plasmid transfection at high efficiency, were not surprisingly unfruitful. We, therefore, determined whether any single ERM protein had the ability to rescue the morphological phenotype observed in shERM cells and found that expression of radixin, but not ezrin or moesin, was best able to restore growth cone morphology in ERM-silenced IMR-32 cells (Fig. 6, C and D) .
To determine whether the AKAP domain of radixin contributed to the altered growth cone dynamics observed in shERM knockdown cells, we restored expression with a point mutant L421P that disrupts the AKAP binding domain (66) . Loss of AKAP function severely compromised the ability of radixin to restore growth cone morphology (Fig. 6, C and D) . To confirm that the L421P mutation only disrupted the ability of radixin to bind to PKA and not DCC, in vitro binding assays were performed using purified proteins. In the course of optimizing the conditions for these in vitro experiments, we found that radixin needed to be in its open and active conformation, elicited in vivo by phosphorylation of Thr at position 564, in order for it to bind to the cytoplasmic tail of DCC, consistent with previous observations (61) . Mutation of the threonine in this position to aspartic acid (T564D) is known to mimic phosphorylation in all ERM proteins (47) . In agreement with this, recombinant T564D-radixin exhibited markedly enhanced binding specifically to the DCC cytoplasmic domain as compared with wildtype radixin and also supported the coupling of PKA to DCC (Fig. 6E) . Importantly, introduction of the L421P mutation into T564D-radixin did not impact the ability of radixin to bind to the DCC cytoplasmic tail in vitro but ablated its ability to anchor PKA RII subunits to DCC (Fig. 6F) . These results confirm that the AKAP function of radixin is required for linking PKA to DCC in vitro and suggest that ERM-mediated PKA anchoring contributes to normal growth cone morphology. . Silencing ERM protein expression alters cell morphology, neuritogenesis, and growth cone morphology; rescue by wild-type but not AKAP-deficient radixin. A, IMR-32 cells were transfected with empty plasmid (Ctrl) or with shRNA plasmids targeting ezrin, radixin, and moesin (shERM) for 72 h. Cells were then re-plated onto uncoated glass coverslips in regular growth medium containing 10% serum (Glass/10% FBS) or onto poly-L-lysine-coated coverslips (PLL) in serum-free medium containing 5 M all-trans retinoic acid (atRA) or 500 ng/ml netrin-1 (Ntn). Cells were fixed 12 h after re-plating and stained with Alexa 488-phallodin and DAPI to visualize F-actin and nuclei, respectively, then imaged by epifluorescence microscopy (scale bar ϭ 20 m; note that the panels in the last column have been magnified 2ϫ to better visualize the growth cones). In some instances the images are purposely overexposed to better visualize the fine details in growth cones and other structures. B, the number of neurites per nucleus, neurite length, and the percent of neurites exhibiting well defined growth cones (% GC ϩ neurites) were determined from three separate transfections and after differentiation in the presence of netrin-1. Data are presented as the averages Ϯ S.E. (n Ն 40) and were analyzed by a two-tailed, unpaired t test (*, p ϭ 0.022; **, p Ͻ 0.001). C, radixin, but not ezrin or moesin, rescues growth cone morphology in ERM-silenced IMR-32 cells. IMR-32 cells were transfected with empty silencing plasmid (shCtrl) or with shRNA plasmids targeting ezrin, radixin, and moesin (shERM) for 24 h, then co-transfected again with a plasmid expressing mCherry (red) along with an empty expression vector (vector) or plasmids expressing wild-type ezrin (Ezr), moesin (Msn), or radixin (Rdx) or an AKAP-deficient point mutant of radixin (Rdx L421P ) for 36 h. Cells were then re-plated onto poly-L-lysine-coated coverslips in serum-free medium containing 500 ng/ml netrin-1 for 12 h before fixing and staining with Alexa 488-phallodin (shown in inverted grayscale) to visualize F-actin and general growth cone morphology. D, quantification of growth cone area (in m 2 ) in cells transfected as indicated. n Ն 12 growth cones total from three separate transfections (*, p ϭ 0.0132 versus shCtrl and p Ͻ 0.0005 versus all other conditions). E, phospho-mimetic T564D Rdx, but not WT Rdx, anchors PKA RII␣ to the DCC cytoplasmic domain in vitro. Purified, recombinant RII␣, and either wild-type (WT) or T564D ( 564 D) radixin (Rdx) were combined with purified GST fused to either full-length DCC cytoplasmic domain (WT) or to the cytoplasmic domain lacking the P3 region (⌬P3). Complexes were collected on glutathione beads and analyzed along with a portion of the input mixtures by SDS-PAGE and immunoblotting with the indicated antibodies. F, T564D Rdx, but not L421P/T564D Rdx, anchors PKA RII␣ to the DCC cytoplasmic domain in vitro. Purified, recombinant RII␣, and either T564D or L421P/T564 Rdx were combined with purified GST-DCC cytoplasmic domain. Complexes were collected on glutathione beads and analyzed along with a portion of the input mixtures by SDS-PAGE and immunoblotting with the indicated antibodies.
Loss of Radixin-mediated PKA Anchoring Converts Netrinmediated Growth Cone Attraction to Repulsion-Given the effects of loss of radixin-mediated AKAP function on growth cone morphology, we next investigated whether this function might also impact growth cone dynamics. To do this, we assessed growth cone turning behavior in response directional gradients of netrin-1 in shERM-IMR-32 cells expressing either wild-type or AKAP-deficient (L421P) radixin. It should be noted here that although these triple-knockdown cells formed neuritic extensions and growth cones, the speed and extent of overall neurite elaboration and growth cone "turning" in these cells was greatly reduced compared with wild-type cells. Thus, to assess the role of ERM-mediated anchoring of PKA to DCC on directional responses to netrin-1, growth cones from shERM/Rdx WT and shERM/Rdx L421P cells were imaged before and after gradient stimulation, and directional growth cone responses were assessed by calculating protrusion and retraction indexes of growth cones toward and away from the gradient (Fig. 7) . In the absence of netrin-1, the profile of protrusion and retraction of shERM/Rdx WT and shERM/Rdx L421P cells were similar in that neither showed any directional bias (Fig. 7,  A and C) . In response to netrin gradients, shERM/Rdx WT cells displayed increased protrusion toward netrin and increased retraction on the contralateral side of the growth cone, as expected for a response to an attractive guidance cue. The response of the Rdx L421P -expressing cells, however, was significantly different and somewhat unexpected. Rather than failing to show an attractive response, growth cones in shERM/ Rdx L421P cells were instead consistently repelled by netrin gradients, displaying increased protrusion away from the gradient and increased retraction proximal to the gradient (Fig. 7C) . Taken together, these observations demonstrate that ERM proteins are required for coupling PKA to DCC and that ERMmediated anchoring of PKA plays an important role in directional responses toward netrin-1.
DISCUSSION
As the principal neuronal receptor for netrin, DCC is required for both chemoattractive and chemorepulsive responses. In both cases, netrin/DCC signaling must ultimately interface with machinery that regulates cytoskeletal dynamics in order to drive the turning responses of neural growth cones. It is also well established that the response of neurons to netrin-1 is both qualitatively and quantitatively regulated by cAMP and PKA signaling, although the exact manner and mechanism through which this regulation manifests is unclear. The current data show that the ezrin/radixin/moesin proteins play an important role in this signaling paradigm by physically and functionally coupling PKA to DCC, an interaction that appears to help determine the tropism of growth cone guidance responses. Our results are in excellent complement with observations from Lamarche-Vane and co-workers (61), demonstrating that ERM proteins are phosphorylated downstream of netrin-1 in a manner dependent on DCC, Src-family kinases, and Rho GTPase activity and that ERM protein function is required for axon outgrowth in primary cortical neurons .
Our observations that netrin/DCC signaling activates PKA are consistent with some earlier reports in which levels of cAMP or PKA activity increase in response to netrin (19, 20) but contradict others in which no such responses could be measured (22, 23) . In these latter studies, only modest increases in cAMP/PKA activity were seen even in response to 10 -20 M forskolin. Often, the magnitude of effect of physiologic activators of cAMP/PKA signaling is significantly lower than seen with even these modest concentrations of forskolin (e.g. Fig.  5C ). Thus, the conditions used to assess PKA activity in earlier studies may not have been sensitive enough to see a physiologically relevant rise in cAMP/PKA. Of course, differences in experimental systems may also play a role and may be potentially informative as to the molecular bases of cell-and tissuespecific responses. Nonetheless, the current data still do not provide a mechanism through which netrin/DCC signaling activates PKA. It is possible that the DCC-mediated activation of PKA observed in our studies is a result of cross-talk between DCC and another, cAMP/PKA-activating pathway. Here, an intriguing but controversial possibility would be the A2b adenosine receptor (A2BAR). A2BAR directly couples to the G s heterotrimeric G-protein and thus activates adenylyl cyclases (67) and has also been shown to interact, albeit perhaps indirectly, with both ezrin and PKA (68) . However, although compelling evidence demonstrates that A2BAR is dispensable for netrindependent axon guidance in vivo (69) , other compelling yet contradictory evidence implicates A2BAR as a co-receptor with DCC for netrin (19) and as an important modulator of growth cone guidance toward and away from netrin (16) . Clearly, additional rigorous experimentation and discussion are needed to address these and other controversies in the field.
Regardless of the mechanism of PKA activation, it is particularly interesting to note that the current data showing that specific loss of ERM-mediated anchoring of PKA switches growth cone tropism from attraction to repulsion (Fig. 7) and are in excellent agreement with previous reports that established the paradigm wherein inhibition or loss of cAMP/PKA signaling converts growth cone attraction to netrin into repulsion (16, 17, 20, 21) . This paradigm is also not without contention, however, as other investigators have found that PKA signaling tunes the sensitivity to netrin but does not alter tropism (22) . However, there is considerable variation among the experimental systems used throughout these reports, and it is likely, one might even say reassuring, that neurons and neuronal cell lines of different origins might exhibit different responses to a given guidance cue. For netrin-mediated responses, this is likely a product of the balance of expression of various types of netrin receptors. Although DCC mediates growth cone attraction to netrin-1, repulsion from netrin is mediated through UNC5 proteins, either alone or in concert with DCC, and there is considerable evidence to suggest that the relative levels of DCC and UNC5 proteins expressed either in total or on the cell surface controls both the sensitivity and the trajectory of growth cones in netrin gradients (9, 10, 22) . It should be noted here that UNC5H is expressed in IMR-32 cells (Ref. 62 and data not shown), the cells used in the current study to show that uncoupling PKA from ERM proteins and DCC switches netrin tropism from attraction to repulsion. Although recently solved crystal structures of netrin-receptor complexes (70, 71) provide intriguing possibilities, the exact molecular mechanism through which this dramatic switch in cellular response takes place and the manner in which PKA and ERM proteins might contribute to the switch remains unclear.
Their role as AKAPs notwithstanding, the ERM proteins have important roles in organizing the cell cortex and related functions in a wide variety of neuronal and non-neuronal cell types (47, 54) . Not surprisingly then, the ERM proteins have a large number of binding partners, including many cell-surface receptors and elements of the cell cortex and actin cytoskeleton (47) . Their ability to function as AKAPs would, therefore, provide the possibility of juxtaposition of PKA near any or all of these partners. Thus, it is possible that the current results obtained with the AKAP-deficient Rdx L421P mutant are not due solely to loss of PKA anchoring to DCC but due to the aggregate loss of ERM-mediated anchoring to several targets. Resolving this would require the identification of mutations in ERMs or DCC that specifically disrupt only DCC-ERM interaction while leaving all other interactions intact. Given the number and diversity of interacting partners for both ERMs and DCC, the identification of such mutations would likely require extraordinary effort. However, given that PKA is indeed physically and functionally coupled to DCC, that ERM proteins are required for this coupling, and that expression of the AKAP-deficient Rdx L421P exerts an effect on directional growth cone responses to netrin gradients that mimics previously reported effects of inhibition of PKA, we contend that PKA anchoring to DCC itself likely plays a major role in the results reported herein.
This contention would suggest that ERM-anchored PKA activity helps regulate signaling events in close molecular proximity to the DCC receptor protein itself that govern the balance between attractive and repulsive responses to netrin gradients. Indeed, one of the most important contributions of AKAP-mediated anchoring to PKA-dependent signaling is through the molecular juxtapositioning of PKA and specific pools of substrates (26) . In this regard, it is intriguing to note that a considerable number of proteins implicated in netrin/DCC signaling are known to be regulated, directly or indirectly, by PKA (9, 10, 32, 72) . These include but are not limited to the non-receptor tyrosine kinases FAK, Src, and Fyn (42, (73) (74) (75) (76) (77) (78) , the adaptor protein Nck (79, 80) , the Rho family GTPases Rac and Cdc42 (27, 45, (81) (82) (83) and their effector PAK (p21-activated kinase) (42, 84) , and as shown here, the Mena/VASP proteins (35, 41, 46) . Also of particular interest is the well established cross-talk between cAMP/PKA and Ca 2ϩ signaling in cell migration (33) and the observed intricate interplay between localized cAMP (and perhaps PKA) and Ca 2ϩ signaling in growth cone turning responses (18, 85) , although additional work is needed to determine the relative contributions of PKA versus other cAMP effectors (principally, the Epacs (exchange proteins activated by cAMP) (21, 85) ) in this context. The well established ability of PKA to exert multifaceted control over exocytosis machinery in neuronal and non-neuronal cells (37, 86) is also noteworthy in light of the demonstrated ability of PKA to mobilize DCC from intracellular stores in a exocytosis-dependent manner (25) . It is interesting here to consider the ability of ERM proteins themselves to control the abundance, distribution, and innate function of a variety of membrane-bound receptors (47, 48) . Finally, it is also important to consider that although the ERM proteins share considerable homology, they are thought to exert nonredundant functions in those cells expressing more than one family member (47) (48) (49) . As shown here and elsewhere (50 -54) , growth cone morphology and dynamics appeared to be more directly and/or efficiently regulated by radixin than either moesin or ezrin, supporting these proteins' distinct functions. Therefore, although all three ERM proteins have the capacity to couple PKA to DCC, each family member may impart its own unique contributions to this interaction, e.g. through distinct localization or subpopulations of binding partners. Thus, an important future effort will be to identify which factors and/or signaling pathways associated with DCC are modified and regulated by ERM-anchored PKA and to determine how modification of these targets controls growth cone tropism in netrin gradients. Thus, although important questions still remain to be answered, our current results help demonstrate that localized cAMP/PKA signaling, coordinated by ERM proteins, plays an important role in the DCC-mediated neuronal response to netrin and suggest that receptor-proximal signaling events contribute to the regulation of growth cone attraction and repulsion during axon guidance.
